Attributing to the unique feature of zero carbon emission, electric vehicles (EVs) are attracting increasing interest in recent years, but their reliability, particularly the reliability of their critical components, is still a matter of concern today. In order to address this issue, much effort has been made before to assess the reliability of drive motor in the EVs. However, drive motor and motor controller are logically integrated and requested to work as one system in the EVs. In contrast to the individual reliability analysis of them, the combined assessment of the two parts can provide a more reliable prediction to the reliability of the entire motor system. Moreover, both drive motor and motor controller are composed of multiple components. The structure, type, and characteristics of these components may affect the reliability of the motor system as well. But these issues have not been considered in the previous research. In order to fill this gap of knowledge, the reliability of the entire motor system of pure electric vans that includes both drive motor and motor controller is investigated in this paper. In the research, the theoretical failure rates of subassemblies and components in drive motor and motor controller are predicted first. Then based on the failure rate prediction results, the reliability of the entire motor system (comprising both drive motor and motor controller) is assessed. Based on the assessment results, some interesting conclusions with respect to the most vulnerable subassemblies and components in the entire motor system and the potential disadvantage of existing reliability research are finally obtained. It is deemed that these new findings will be of great significance to the future reliability design and maintenance of pure electric vans.
I. INTRODUCTION
Encouraged by financial subsidies and policy dividends, the market of electric vehicles is booming across the world today. The recent survey has shown that China, the UK, the United States, and Germany currently top the world ranking of the sales of pure electric vehicles [1] . Take the Chinese market as an example, total 984,000 pure electric vehicles were sold in China in 2018, which was an increase of 50.8% over the same period of the previous year [1] . It is deemed that pure electric vehicles will replace traditional The associate editor coordinating the review of this manuscript and approving it for publication was Lorenzo Ciani . diesel and petrol vehicles at some point in the near future. For example, it would be 2040 in the UK. This means that there will be many pure electric vehicles running on the road in the following years. That is why their reliability in the application is receiving more concern than ever before.
Broadly speaking, pure electric vehicles can be classified into two categories, i.e. passenger cars and commercial vehicles. Their market share splits are about 80% versus 20%. For example, 788,000 passenger cars and 196,000 commercial vehicles were sold in China in 2018 [1] . In terms of reliability, the practice has shown that the latter is more prone to develop failure in the application, although such a comment has not yet been officially reported before in open literature.
For this reason, the research in this paper will be focused on investigating the reliability of commercial vehicles. Herein, considering more than 90% of sold commercial vehicles are pure electric vans [1] and the motor system is the most key part in these vehicles, the reliability of the motor system in pure electric vans will be studied in the following.
The motor system in pure electric vans is used to convert the electric energy into mechanical energy to drive the vehicle. Any reliability issue existing in the motor system may lead to dangerous accidents on the road. Therefore, it is essential to investigate its reliability issues, identify the vulnerable parts in the system, and then improve its design based on the investigation results [2] , [3] . In order to meet this purpose, much effort has been made before. A detailed literature review has shown that so far, the majority of published works in the relevant area are focused on how to improve the control and fault tolerance performance of motor systems. For example, the fault tolerance performance of multi-phase permanent magnet synchronous motor was investigated in [4] with the aid of a multi-level Markov model; the similar research on motor drives was also conducted in [5] by using the Monte Carlo method in order to get better fault-tolerance mechanisms. The reliability of automated guided vehicles' (AVGs) control system was studied in [6] by using a combined fault tree and Petri net approach; the research was further improved by the authors in [7] through introducing genetic algorithm method into the maintenance strategy optimization. Fault classification method and faulttolerant control strategies were adopted in [8] in order to improve the dynamic performance and control stability of electric vehicles. The reliability of drive motor and electronic converter for power supply was also studied by scholars. For example, the reliability of the drive motor of EVs was studied in [9] , [10] by using a combined fault tree and Petri net approach, and the fault logical causes by the winding insulation and bearing with higher fault rate were investigated in [11] by the approach of fault tree analysis. The reliability of bidirectional DC/DC converters of EVs was studied in [12] ; the age and life of power converter components were estimated in [13] based on a survey, and so on. However, it is noticed that in previous research, the reliability study was mainly focused on the analysis of drive motor, and the reliability issues in the motor controller were rarely discussed. This may lead to unreliable research conclusions due to the fact that the drive motor and motor controller are logically integrated. They are always requested to work as one system and cannot be dealt with individually. A combined reliability assessment of the two parts will provide a more reliable prediction of the reliability of the entire motor system. However, such detailed reliability research of the entire motor system has not been conducted before. This motivates the research of this paper. Moreover, both drive motor and motor control are composed of multiple components. The structure, type, and characteristics of components may also affect the reliability of the entire motor system. However, this has not been considered before either. The purpose of this research is to fill these gaps of knowledge by looking into the reliability issues of all subassemblies and components in both the drive motor and motor controller. The outcome of this research should be a good complement to the current knowledge of electric vehicles and it will also bring benefits to the emerging electric vehicle industry.
Fault tree analysis, an effective methodology for conducting reliability and safety assessment, has been extensively used to investigate the reliability issues in various systems. For example, the potential failures of wind turbine were qualitatively and quantitatively evaluated by using the fault tree analysis method in [14] , and it was found that the majority of floating turbine failures are due to marine conditions, saltspray, and high wind speed; the fault tree analysis method was further improved in [15] in order to adapt to performing the qualitative analysis of complex systems containing multicomponent systems; the dynamic fault tree analysis model was developed in [16] to determine the average maintenance period of a floating wind turbine; the dynamic fault tree models were developed in [6] and [17] for assessing the reliability of a fault-tolerant control system and a vehicle guidance system in unmanned aerial vehicles; and so on. In view of these previously successful applications of fault tree analysis, it will be taken in this paper to investigate the reliability of the motor system of pure electric vans. The remaining parts of the paper are organized as below:
In Section 2, the motor system of pure electric vans will be briefly introduced so as the reader can have a basic understanding of it. In Section 3, the fault tree of the drive motor and motor controller will be developed and following which the mathematical methods for predicting the failure rates of basic events will be developed. To ease understanding, a case study is conducted in Section 4, in which the failure rate, reliability of the subassemblies in the motor system of the pure electric vans will be calculated and analyzed. The paper will be finally concluded in Section 5.
II. THE MOTOR SYSTEM IN PURE ELECTRIC VANS
As shown in Fig.1 , the motor system of pure electric vans is a gearless system. It is simply composed of a drive motor and an associated motor controller. The drive motor will be used to drive the wheels directly via rear axle. The motor controller is used to control the torque, speed and rotation direction of drive motor according to the vehicle driving demand. Fig.1 , the black and red dot lines are the Control Area Network (CAN) lines, it connecting the motor controller, Vehicle Control Unit (VCU) and the units that are designed to implement different control functions.
From Fig.1 , the drive motor is the core component that is used to convert electrical energy into mechanical energy [18] . In order to ease understanding, the structure of the drive motor is shown in Fig.2 .
As shown in Fig.2 , the drive motor comprises a shell, stator, rotor, bearing, and position sensor. As soon as electric power is applied to the stator, a rotating magnetic field will be generated. Then, the rotor will be driven to rotate in the magnetic field due to the electromagnetic induction effect. Simultaneously, the relative position of the stator and rotor will be measured by the position sensor. Then the measured position will be input into the motor controller to ensure desired threephase voltages are output from the motor controller. During the operation of the motor system, the temperature of the drive motor is detected by the temperature sensor (such as PT1000 shown in Table 6 ) in real-time. When the sensor fails, its resistance value will far exceed normal value and even will be recorded as infinity. In this case, the automatic detection program or system protection program of the motor controller will assume that the drive motor has been overheated, thereby shutting down the system automatically.
From Fig.3 , it is seen that the motor controller is mainly composed of outer casing, thin-film capacitor, copper row, Insulated Gate Bipolar Translator (IGBT), driver module, control module, active discharging module, communication module, sealing ring, and cooling water jacket. Among them, the module refers to the equipped printed circuit board, which consists of connections, components, and board. For example, the control module consists of a control chip, resistances, capacitances, connections, and wire board. In the operation, an IGBT gate control signal will be output from the control 
III. RELIABILITY STUDY OF MOTOR SYSTEM
Since fault tree analysis has been successfully applied to investigate the reliability of numerous systems [20] , it will be taken to investigate the reliability of the motor system. Since the motor system is composed of a drive motor and motor controller, its fault tree model and reliability block diagram is shown in Fig.4 . Accordingly, the reliability study in this section will comprise two parts. The first part is for investigating the reliability of the drive motor, and the second is for investigating the reliability of the motor controller.
A. RELIABILITY STUDY OF DRIVE MOTOR
As mentioned earlier, the drive motor is composed of bearings, rotor, stator, sensors, and other associated components. Its safety and efficiency can be affected once a fault occurs in any of these components. The survey has shown that the failures of oil seal, bearing, stators, and rotor winding account VOLUME 8, 2020 for more than 80% of the total number of failures of the drive motor [21] , herein the reliability study of the drive motor will be focused on the study of these vulnerable components which show high failure rate. Based on this understanding, the reliability block diagram of the drive motor is developed. It is shown in Fig.5 .
For a reliability model shown in Fig.5 , its reliability can be evaluated using the following equation.
where P(mx i ) refers to the reliability probability function of the i-th component in Fig.5 .
In order to investigate the reliability of the components in the drive motor, the fault tree of the drive motor is developed, see Fig.6 . In the figure, the top event S1 is 'drive motor failure', and the basic events from em1 to em10 are the failure events of drive motor components. In this model, gm1 to gm4 are intermediate events (or logic gate events), which are the logical combination of the relevant basic events. All these events are explained in Table 1 .
From Fig.6 , it is found that the reliability of the drive motor relies on the reliability of bearing, motor rotor, motor stator, transducers, and other associated components. In order to understand the reliability of the drive motor, it is essential to evaluate the failure rates of these components. As long as the failure rates of these components and their corresponding reliability probability functions are obtained, the reliability of the drive motor can be readily assessed. According to the handbook of the US Navy's mechanical equipment reliability prediction program [22] , the failure rate of the basic events in Fig.6 can be estimated by
All parameters in these equations are explained in Table 2 and the failure rate unit of each component is FPMH (failures per million hours).
From (2), it is seen that the failure rate of the components is dependent on their working environments, loads, and many other factors. Take the failure of the bearing as an example, its basic failure rate is
where, L 10 = (L s /L A ) y , L s is basic dynamic load, L A is equivalent radial load, and Y is a bearing life constant (Y = 3.0 for ball bearings, and 3.3 for roller bearings), and L 10 can be also converted to hours by using the equation
where, L 10h is the bearing life with operating hours, n is the rotational speed in the unit of revolution per minute. From the Fig.6 , the reliability of the rotor relies on the reliability of its winding and shaft. Therefore, the failure rate of the rotor is the sum of the failure rates of its winding and shaft, i.e. Likewise, the failure rate of the stator, transducers and the other components in the drive motor can be respectively expressed as
The physical means of all variables in (5) and (6) can be found in Table 1 .
B. RELIABILITY STUDY OF MOTOR CONTROLLER
As shown in Fig.3 , the motor controller is composed of power electronic components and a housing shell. Due to the housing shell is reliable and has little chance to affect the reliability of the motor controller, it will not be considered in the following study. The motor controller consists of busbar capacitors, control module, driver module, discharging module, communication module, and IGBT. Since a fault occurring in any of these components can lead to the failure of the motor controller, the reliability block diagram of the motor controller can be described by using the diagram in Fig.7 .
Based on Fig.7 , the reliability of the motor controller can be predicted by [27] R c (S 2 ) = P (cx 1 ) P (cx 2 ) . . . P (cx 5 ) = 5 i=1 P(cx i ) (7) where P(cx i ) indicates the reliability probability function of the i-th component in Fig.7 .
Define the failure of the motor controller as the top event (S2) and the failures of these components as the basic events ec1 to ec14, the fault tree of the motor controller can be constructed. It is shown in Fig.8 . Where, the intermediate events are gc1 to gc4, which are the logical combination of the relevant basic events. All these events are explained in Table 3 .
Herein, it is worth noting that the capacitor mentioned in Table 3 is used to balance the power during the change of power frequency and the power output from the rectifier. On the one hand, it will absorb the energy produced by the drive motor when power switching devices are switched off in the scenario of an urgent stop. It will provide instantaneous peak power as required so as the inverter can be well protected during the sudden change of power. At present, the capacitors used in the motor controllers of pure electric vans are film capacitors. Its failure rate can be evaluated by using equation [24] 
where (π t ) i is the i-th temperature factor related to the ith junction temperature of the capacitor mission profile;
is a factor reflecting the influence of ambient temperature t A c13 ; τ on is the total working time ratio of the capacitor; τ off is time ration for the capacitor being in storage (or dormant) mode; (π n ) i is the i-th influence factor related to the annual cycles number of thermal variation with the amplitude T i ; T i refers to the i-th thermal amplitude variation of the mission profile.
The control module in Table 3 comprises a master chip, a printed circuit board (PCB), and some surface-mounted components (SMCs). The SMCs include inductors, resistors, capacitors, transformers, integrated chips, diodes, etc. So, the reliability of the control module relies on the reliability of the master chip, PCB and SMCs. The failure rate of these components can be evaluated by [23] , [24] , [26] 
π iQ λ cc = λ cb π cE π cQ π cT π cS π cch λ cg = λ gb π gE π gQ π gT λ cr = λ rb π rE π rQ π rR λ cm = λ mb π mE π mQ π mr π mA π mC π mK (9) where π t c1 = e
is a factor indicating the influence of ambient temperature t A c1 ; π C indicates the influence of the number of layers; N t is the total number of holes; S is the surface area of the board; N P is the number of tracks. Its default value is N P = N s + N f 2 , in which N s is the number of lines that connect to every component, N f is the number of components that connect to every hole; π L is the coefficient of line track width, T i is the variation of temperature; λ d is the interconnection failure rate. Other parameters in (8) are further explained in Table 4 .
Then, the failure rate of the control module in the motor controller can be evaluated by [27] . As the hardware components of the driver module, discharging module, and communication module of the motor controller are similar to the control module, their failure rate can be evaluated in the same way, i.e.
where λ gc2 − λ gc5 refer to the failure rate of the driver module, discharging module, communication module and the other components in the motor controller, respectively (show in Table. 3).
IV. CASE STUDY
A case study is conducted in this section in order to quantitatively assess the reliability of the motor system in pure electric vans by using the mathematical methods described in section 3. The performance parameters of the motor system are listed in Table 5 .
A. EVALUATION OF FAILURE RATES OF DRIVE MOTOR PARTS
To ease understanding, the drive motor of interest is shown in Fig.9 and its parts are listed in Table 6 .
As mentioned earlier, the failure of the drive motor is mainly caused by the faults developed in bearing, rotor, stator, and other associated components. Therefore, according to the Handbook of Reliability Prediction Procedures for Mechanical Equipment NSWC-09 [22] and Chinese electric vehicle technical requirements standards [25] , [26] , all parameters used for calculating the failure rate of these drive motor components can be readily obtained. They are listed in Table 7 .
Then, calculate the failure rate of every component in the fault tree model of the drive motor by substituting these parameters into (2)-(6). The obtained calculation results are listed in Table 8 . In order to facilitate interpretation, the results are further illustrated in Fig.10 .
From the calculation results shown in Table 8 and Fig.10 , it is found that the oil seal of the bearing is the most vulnerable part in the drive motor, followed by the position sensor and rotor/stator windings. The temperature sensor is also prone to develop failure in operation. By contrast, the motor bearing, the spline, and the shaft are relatively more reliable. The fastening screw and stator core are the most reliable components in the drive motor, they are nearly free of fault.
B. EVALUATION OF FAILURE RATES OF MOTOR CONTROLLER PARTS
The failure of the motor controller is primarily caused by the faults occurring in the busbar capacitor, control module, driver module, discharging module, communication module, and IGBT. All these parts are illustrated in Fig.11 .
From the design documents and Bill of Material (BOM) provided by the motor systems manufacturer, it is known that the model of busbar capacitor is C362H557K19802 and the model of IGBT is FS400R07A3E3. As there are many SMCs on the PCB and they have a variety of specifications, it is not realistic to evaluate the failure rate of every component one by one. To deal with this issue, the SMCs in BOM list are classified first according to their types, such as resistance, inductance, capacitance, etc. Then, the failure rate of the same type of SMCs is calculated by using the following counting method.
λ tci = n i λ ci λ tcc = n c λ cc λ tcg = n g λ cg λ tcr = n r λ cr λ tcm = n m λ cm (12) All variables in the above equations are explained in Table 9 . VOLUME 8, 2020 According to IEC TR62308-2004, MIL-HDBH-217E and the technical standards for the Chinese electric vehicle industry [23] , [24] , [26] , the failure rates of all SMCs are calculated. The parameters used for calculating the failure rate are listed in Table 10 , and failure rate calculation results are listed in Table 11 .
Based on the data listed in Table 11 , the failure rate of motor controller parts is calculated by substituting these parameters into (8) (9) (10) (11) (12) . The calculation results are listed in Table 12 . In parallel, the calculation results are also illustrated in Fig.12 so as the reader can have an intuitive understanding of the reliability of the different parts of the motor controller.
From Fig.12 , it is found that the PCB of the control module is the most vulnerable part in the motor controller (i.e. its failure rate is as high as 3.058), followed by the PCB of the drive board module (i.e. its failure rate is 1.116). The master chip and communication chip, as well as optocoupler, are also prone to develop a fault in operation. But they are relatively more reliable than the PCB of the control and driver module. Their failure rate varies in the range of 0.2-0.35. In comparison, the IGBT and SMCs, as well as the PCB of the communication module and discharging module, have little chance to develop a fault in operation as their failure rate is below 0.1. The comparison of Table 8 and Table 12 has shown that the overall reliability of the motor controller is lower than that of the drive motor. In the global view of the motor system, its control module is most vulnerable, the failure rate of which is as high as 3.44. The second is the driver module. Its failure rate is 1.402. The motor rotor, stator, transducers, and communication module have similar failure rates. They are 0.2998, 0.2523, 0.2580, and 0.2830, respectively. The understanding of such a figure is of great significance to the reliability design and maintenance of pure electric vans.
C. UNRELIABILITY INDEX
Although the calculation results presented above have indicated the reliability of individual components, the information provided by them remains the 'snapshots' of the reliability of the motor system. For this reason, the unreliability indices of the drive motor and motor controller as well as the entire motor system are evaluated based on the above calculation results in order to obtain a more comprehensive understanding of the reliability of the motor system. Herein, the unreliability indices of the drive motor and its controller are estimated with the aid of Eqns. (1) and (7) . The equations for calculating the unreliability indices are
where F m , F c and F mc refer to the unreliability indices of the drive motor, motor controller, and the whole motor system, respectively; R m , R c refer to the reliability indices of the drive motor, motor controller, respectively.
The corresponding estimation results when the service life of the motor system reaches respectively 10,000, 30,000, 50,000 and 70,000 hours are shown in Fig.13 .
From Fig.13 , it is clearly seen that (1) the motor controller is much less reliable than the drive motor. This agrees very well with the research conclusion obtained from the failure rate calculation results in Section 4.2; (2) both drive motor and motor controller will become more and more unreliable with the increase of their service time, i.e. the longer the service time, the higher their unreliability indices will tend to be; (3) the most important is that despite the service time, the calculation result of the unreliability index of the entire motor system is much higher than the corresponding value of the unreliability index of the drive motor. This suggests that the entire motor system, in fact, has less reliability than drive motor.
V. CONCLUSION
In order to provide a more reliable prediction to the entire motor system in pure electric vans, a detailed study of the reliability issues in both drive motor and motor controller are investigated in this paper by the approach of fault tree analysis. From the research reported above, the following conclusions can be drawn • Due to aging, the reliability of both drive motor and motor controller will decrease gradually with the increase of their service time;
• Despite the service time, in the entire motor system, the motor controller is more unreliable than drive motor. For example, when the motor system continuously runs for 30,000 hours, the unreliability of drive motor is 0.033, but the unreliability of motor controller has reached as high as 0.147, which is about 4.5 times of the unreliability of the former;
• The control module is not only the most vulnerable part of the motor controller but also the most vulnerable part of the entire motor system. This is due to the application of a large number of electronic components (the total number of electronic devices in the control module is up to 610 PCS), and more electronic devices will lead to more connecting lines, thinner line widths and more through holes on the PCB, which will reduce the reliability of the control module;
• The reliability issues in the drive motor and motor controller should be investigated together when assessing the reliability of the motor system. Otherwise, an unreliable reliability prediction may be obtained. This is because the drive motor and motor controller are logically integrated and are always requested to work as one system in the EVs. The reliability of the entire motor system will be less estimated if only the reliability issues in the drive motor are considered in the assessment.
